Nisin is a bacteriocin produced by many strains of Lactococcus lactis. This study examined the effect of nisin on Mycobacterium smegmatis, a non-pathogenic species of Mycobacterium. Nisin had a minimum inhibitory concentration of 8·0 mg ml −1 and a minimum inhibitory dose of 7·5 mg ml −1 against Myco. smegmatis. Treatment with 25·0 mg ml −1 nisin caused partial inhibition of Myco. smegmatis; the survivors were nisin-sensitive when tested in a separate experiment. Mycobacterium smegmatis cells exposed to 50·0 mg ml −1 of nisin, lost their viability. The effect of nisin on the growth of Myco. smegmatis was both time-and concentration-dependent. Nisin (10·0 mg ml −1 ) caused 97·7 2 2·0% reduction in internal ATP and leakage of intracellular ATP out of Myco. smegmatis cells after several hours of treatment. These data suggest that nisin inhibits Myco. smegmatis by the same mechanism by which it inhibits other bacteria and warrants further investigation as a possible antitubercular agent.
INTRODUCTION
Mycobacterium tuberculosis is one of the most highly pathogenic species of Mycobacterium, causing tuberculosis (Orme 1995) . After a century of decline, the incidence of tuberculosis in the United States and Europe is increasing due to the emergence of strains resistant to multiple antibiotics. Given the ability of mycobacteria to survive as intracellular pathogens within host phagocytes, its rising incidence, and its resistance to the known antituberculosis drugs, the treatment of tuberculosis requires new approaches (Broom and Murray 1992) .
Bacteriocins are biologically active proteins with antimicrobial properties. They are produced by virtually all micro-organisms (e.g. Jack et al. 1995) . Nisin, produced by many Lactococcus lactis strains, is the most studied bacteriocin (e.g. Hurst 1981 ). It has a broad inhibitory spectrum against Gram-positive micro-organisms including food-borne pathogens such as Listeria monocytogenes and Clostridium botulinum (Harris et al. 1991; Okerake and Montville 1992) . As nisin is generally recognized as safe (Anon. 1988) , it is used comCorrespondence to: Dr T. J Montville, Cook College, Department of Food Science, 65 Dudley Road, New Brunswick, mercially as a biopreservative in many food products (e.g. Delves-Broughton et al. 1996) .
The vast majority of bacteriocins are cationic molecules and act on cytoplasmic membranes of target bacteria. They bind onto the membrane, insert into it, and form pores leading to proton motive force dissipation and to efflux of many vital intracellular compounds .
Almost five decades ago, nisin was shown to be active against Myco. tuberculosis both in vitro (Mattick and Hirsch 1947) and in vivo (Hirsch and Mattick 1949) . However, the authors observed toxicity of nisin to animals, which although dependent on the route of administration was most likely caused by impurities in the preparations of nisin. In addition, results from different research groups were controversial; some of them confirmed the in vitro activity of nisin against Myco. tuberculosis but found it to be ineffective in in vivo studies (Hall 1966) . The above mentioned reactions apparently caused this work to be abandoned (Hansen 1993) . The emergence of drug resistant Myco. tuberculosis, and the recently described possibility for transmission of infection by consumption of contaminated food (Grange and Collins 1996) , has renewed interest in the study of nisin as an agent active against this pathogen.
The objective of this study was to evaluate the inhibitory effect of nisin on Myco. smegmatis. Although Myco. smegmatis and Myco. tuberculosis are relatively distinct species (e.g. Boddinghaus et al. 1990) , Myco. smegmatis is often used as a model organism to study Myco. tuberculosis (e.g. Barker et al. 1996) . It was decided to use a non-pathogenic strain of Myco. smegmatis because it grows more rapidly than Myco. tuberculosis and can be handled in a Biosafety Level II laboratory. 0·8-0·9, Shimadzu UV 160 U, Japan) were used for all experiments.
MATERIALS AND METHODS

Culture and media
Nisin preparation
Pure nisin (Ambicin ® ) was a gift of AMBI Inc. (Tarrytown, NY, USA) and contained 40 IU of nisin mg −1 total protein. Nisin was dissolved in nisin dilution buffer (0·02 N HCl, 0·75% NaCl, pH 2·0) and autoclaved (121°C, 15 min). Following sterilization, the pH of the sample was adjusted to 6·0 with 0·5 N NaOH. A 10 4 or 10 5 IU ml −1 working solution was prepared prior to every experiment to achieve appropriate final concentrations of nisin in agar plates or broth. The same volume of nisin dilution buffer (pH 6·5) was always used as a control.
Minimum Inhibitory Concentration
The MIC of nisin was determined using a spiral plater (Model D, Spiral Biotech., Inc., Bethesda, MO, USA) according to the manufacturer's procedures and as reported previously . Briefly, a 10 5 IU ml −1 nisin stock solution was spiral-plated on 20 ml TSBYE plates (1·5% agar) and allowed to diffuse for 4 h at room temperature. A 48 h culture of Myco. smegmatis was radially streaked with sterile cotton-tipped swabs against the gradient. After 2 d of incubation at 30°C, the point at which growth was inhibited was determined and used to calculate the MIC. The deposition factor and MIC were calculated according to the manufacturer's instructions (Spiral Biotech.).
Minimum Inhibitory Dose
The minimum amount of nisin required to inhibit Myco. smegmatis (MID) was evaluated using the agar diffusion assay described by Takemura et al. (1996) . According to this method, 10 ml of nisin solutions ranging from 500 to 10 5 IU ml −1 were spotted onto TSBYE agar plates seeded with 10 6 cfu ml −1 of Myco. smegmatis and incubated at 37°C, for 2 d, to allow growth of a Myco. smegmatis indicator lawn. The efficiency of inhibition was measured as the diameter of the inhibition zone (in mm). The log of the nisin concentration was plotted vs the zone size and the intercept at the x-axis was calculated as the MID.
Sensitivity of Myco. smegmatis to nisin
To determine the effect of nisin concentration on Myco. smegmatis, cells in mid log phase were diluted in TSBYEBT broth to 10 6 cfu ml −1 and plated on TSBYE agar containing nisin at 0, 12·5, 25·0 and 50·0 mg ml −1 , using a spiral plater. The ability to form colonies in the presence of nisin was determined after 48 h incubation, at 37°C, using a Laser Bacteria Colony Counter (Model 500 A, Spiral Biotech.) according to the manufacturer's procedures. To determine if colonies formed in the presence of nisin were resistant mutants or survivors which escaped action of the bacteriocin, five single colonies of Myco. smegmatis that grew in the presence of 25·0 mg ml −1 nisin were selected, cultured in TSBYET broth and enumerated on TSBYE agar plates containing 0-50·0 mg ml −1 nisin ). To evaluate the inhibitory effect of nisin on Myco. smegmatis, tubes containing 10 ml TSBYEBT broth and different concentrations of nisin (0-0·25 mg ml −1 ) were inoculated with 10 ml Myco. smegmatis stock culture and incubated at 37°C with aeration. Absorbance was measured at 660 nm (Shimadzu UV 160 U, Japan) at time intervals and presented as growth curves.
To evaluate the effect of nisin on actively growing Myco. smegmatis, 8 ml of the cells in mid log phase were collected by centrifugation (Dynac Centrifuge, Beckon Dickinson & Co., 5 min, 1360 g, 20°C), resuspended in 8 ml fresh broth and exposed to nisin at final concentrations of 25·0, 50·0 and 250·0 mg ml −1 . Cultures were incubated at 37°C, plated using a spiral plater, and enumerated.
Measurement of ATP
Mycobacterium smegmatis cells (4 ml) in mid log phase (O.D. 660 0·8-0·9) were collected by centrifugation (5 min, 1360 g, 20°C) and resuspended in the same volume of 50 mmol l −1 2-(N-morpholino)-ethanesulphonate (MES) buffer (pH 6·5) supplemented with 0·06% Tween-80, 1·0% glycerol and 10 mmol l −1 KCl (MES-TK). Total and external ATP con-centrations were determined by the bioluminescence method described by Chen and Montville (1995) , with modification, using a Lumac/3 M Biocounter M2010. Cells were incubated in MES-TK buffer at room temperature for 30 min. For concentration-dependent ATP assays, 100 ml of cells were treated with an appropriate concentration of nisin (0-10·0 mg ml
−1
). ATP concentrations were determined 20 h after nisin treatment. For time-dependent ATP assays, cells in MES-TK buffer were treated with 25·0 mg ml −1 nisin and assayed for ATP at 1 h intervals for 6 h. To minimize cell aggregation, which might interfere with fluorescent light emission, 20 ml instead of 100 ml cells were diluted with the buffer into a final volume of 5 ml for measurement of external ATP concentrations. Luciferin-luciferase reagents were obtained from an ATP bioluminescent assay kit (Sigma) and used according to recommended procedures. ATP concentrations were calculated and expressed as nmol mg −1 cell dry weight.
RESULTS AND DISCUSSION
Quantification of Myco. smegmatis sensitivity to nisin
The MIC of nisin determined by the spiral plater method was 8·0 mg ml −1 (320 IU ml −1 ). Different concentrations of nisin were spotted on a layer of Myco. smegmatis cells and the MID was calculated from extrapolation to a 'zero' inhibition zone size. The MID of nisin against Myco. smegmatis was 7·5 mg ml −1 . The determined MID correlated with the estimated MIC value. The MIC and MID values required to inhibit Myco. smegmatis cells were similar to the MIC values for food spoilage and food-borne pathogens .
When plated on agar containing different concentrations of nisin (0-50·0 mg ml −1 ), the initial populations of Myco. smegmatis (10 8 -10 9 cfu ml −1 ) were reduced by 4·3 log cycles at a nisin concentration of 25·0 mg ml −1 ; 50 mg ml −1 of nisin completely inhibited colony formation by Myco. smegmatis (data not shown), whereas Listeria monocytogenes is only moderately inhibited at this concentration (Harris et al. 1991) . For food-borne pathogens, a single exposure to nisin can generate nisin-resistant strains . However, five single colonies selected from the plate containing 25 mg ml −1 nisin were completely inhibited at the same concentration when subcultured in the broth lacking nisin and plated. No nisinresistant mutants were found (data not shown).
To determine the effect of nisin on the growth of Myco. smegmatis, cells were inoculated in the TSBYEBT broth containing different concentrations of nisin and incubated at 37°C, with agitation. Nisin, as low as 0·025 mg ml −1 in the liquid culture, inhibited Myco. smegmatis growth. Extended lag times were observed for cultures treated with 0·125 and © 1999 The Society for Applied Microbiology, Letters in Applied Microbiology 28, [189] [190] [191] [192] [193] 0·25 mg ml −1 nisin. Mycobacterium smegmatis failed to grow at concentrations higher than 0·125 mg ml −1 (Fig. 1) . The effect of nisin on Myco. smegmatis cells at mid log phase of growth is presented in Fig. 2 . Cells treated with 125·0 and 250·0 mg ml −1 nisin showed decreased viability within 12 h of nisin treatment. Viability of cells treated with 25·0 mg ml −1 nisin decreased very slowly and cells survived after 24 h. Thus, the inhibitory effect of nisin on Myco. smegmatis growth was not only concentration-dependent but also time-dependent (Fig. 2) .
Influence of nisin on intracellular and extracellular ATP concentrations
To determine the effect of nisin on intracellular ATP concentration, total and external ATP levels were measured after 20 h of treatment with nisin, and internal ATP levels were calculated by subtracting external ATP from total ATP. The ATP concentration in intact Myco. smegmatis cells was 16·65 nmol mg −1 (Fig. 3) . Increasing nisin concentrations decreased ATP levels in Myco. smegmatis cells and increased external ATP concentrations. As little as 10·0 mg ml −1 nisin was sufficient to cause a 97·7 2 2·0% decrease in internal ATP level, with maximum efflux of internal ATP from Myco. smegmatis cells. In contrast, only 1·5 mg ml −1 nisin is required to cause leakage of ATP from L. monocytogenes cells (Winkowski et al. 1994) .
The biological target for nisin action is the cytoplasmic membrane. Reports on the time and concentration dependency of nisin's action on L. monocytogenes suggest that nisin acts by binding onto membrane, inserting into the membrane and forming pores (e.g. Winkowski et al. 1994) . The rapid efflux of accumulated amino acids, followed by decreased membrane potential, suggested that nisin dissipates the membrane potential and ionic gradient across the cytoplasmic membrane (Ruhr and Sahl 1985) .
Studies of the mode of action of bacteriocins, such as plantaricin C (Gonzalez et al. 1996) , pediocin PA-1 (Chen and Montville 1995) and nisin Z (Abee et al. 1994) , indicate similar patterns of an increase in external ATP levels and decrease in internal ATP in cells treated with bacteriocins. However, the nature of this phenomenon is not clearly understood. Phosphate efflux and ATP depletion in nisin Z-treated cells has been suggested as the primary cause for ATP dissipation (Abee et al. 1994) . On the other hand, the report on increase in intracellular ADP and AMP concentration in colicin A-treated, colicin-sensitive cells, suggested that colicin A induced efflux of ATP to the medium is not the main cause of the fall in internal ATP concentration (Guihard et al. 1993) . In addition, Chen and Montville (1995) reported the hydrolysis of intracellular ATP upon addition of pediocin PA-1 as a cause of ATP depletion, rather than phosphate efflux, and observed no ATP efflux induced by pediocin PA-1.
In our study, only 3·8 2 2·9% of the intracellular ATP lost was recovered extracellularly (Fig. 3, insertion A) , suggesting that the intracellular hydrolysis of ATP was primarily responsible for the decrease in internal ATP in Myco. smegmatis cells. This observation is consistent with the results obtained for L. monocytogenes treated with nisin A (Winkowski et al. 1994 ) and pediocin PA-1 (Chen and Montville 1995) , where the death of cells was caused by the partial efflux and hydrolysis of intracellular ATP.
However, compared with rapid action of nisin on L. monocytogenes where complete ATP depletion occurs within minutes, significant ATP depletion was observed in Myco. smegmatis only after several hours of treatment with nisin (data not shown). This slow action of nisin was probably a consequence of the highly complex, lipid-rich cell envelope of Myco. smegmatis (Grange 1996) .
In conclusion, a low concentration of nisin can inhibit Myco. smegmatis and the mechanism of action of nisin seems to be similar to that found in L. monocytogenes. The data suggest the potential of nisin as an antitubercular agent and warrant further study.
